Introduction
A significant number of studies have found positive associations between increased daily morbidity and mortality and suspended particles in air pollution (Loomis et al., 1996 (Loomis et al., , 1999 Borja-Aburto et al., 1997 Laden et al., 2000; Lippman et al., 2000; Sunyer et al., 2000; Sarnat et al., 2001; Vajanapoom et al., 2002) . Increased rates of asthma exacerbation, respiratory symptoms, reduced lung function, increased hospitalization rates, and greater use of medications have also been found (Tellez-Rojo et al., 1997; Ilabaca et al., 1999; Romieu et al., 1999 Romieu et al., , 2002 Panella et al., 2000; Utell and Frampton, 2000; Anderson et al., 2001) .
In the Mexico City Metropolitan Area (MCMA), suspended particles and ozone constitute the most serious problem regarding air pollution. During 1999, the highest values of PM 10 were registered in the northeast and southeast, with average concentrations of 222 and 202 mg/m 3 , respectively. During 2000, the automated Air Quality Monitoring Network system (RAMA) reported peak PM 10 concentrations of 166, 160, and 488 mg/m 3 for the downtown, northeast, and southeast locations, respectively (Secretarı´a del Medio Ambiente, 1999 Ambiente, -2000 . Since July 2003, RAMA has routinely monitored PM 2.5 in the MCMA.
Recent understanding of the fact that indirect exposure assessment may not necessarily reflect individual exposure to air pollutants has led to the recognition of a need for research using direct methods of exposure assessment that can provide more certainty and validity (Ott, 1990) . Health effects attributed to the presence of fine and coarse particulates have been studied previously in Mexico City (Castillejos et al., 1992 (Castillejos et al., , 1995 Romieu et al., 1996 Romieu et al., , 1997 Romieu et al., , 2002a Holguin-Molina et al., 2003; Loomis and Kromhout, 2004) ; however, these studies did not take into account personal exposure assessment.
The objectives of this study were to determine levels of personal exposure to PM 2.5 and the relationship of these with both outdoor and indoor PM 2.5 and PM 10 concentrations, among a population of ambulatory adults in Mexico City who suffered from chronic obstructive pulmonary disease (COPD).
Methods
Patients who had been diagnosed with moderate to severe COPD (GOLD, 2002 class II-III) and were being followed at the National Institute of Respiratory Diseases in Mexico City were invited to participate in this study. Fieldwork personnel visited the participants in their houses to explain the format of the study and demonstrated the monitoring equipment. Patients who agreed to participate in the study signed an informed consent letter. Active smokers were excluded. Out of 42 subjects screened, 38 completed the study, three refused to participate after signing the consent, and one had an asthma diagnosis. Participants were followed from February through November 2000. All participants were long-time residents of Mexico and were situated in the southeast (n ¼ 15), downtown (n ¼ 15), and southwest (n ¼ 8) of the city. Participants were divided into six groups according to their place of residence. Each group was monitored continuously over a 2-week period. Groups were followed successively until each group was studied for at least three times. During follow-up, indoor and outdoor 24-hour average samples of PM 2.5 and PM 10 were obtained at each participant's home. Personal monitoring for PM 2.5 was also conducted in a sub-sample of five participants per group (n ¼ 30).
Particulate Matter Samples
MiniVol samplers (Airmetrics LTD brand) with flows of 5 l/ min using 47-mm Teflon filters (Whatman, Hillsboro, OR, USA) were used to monitor indoor and outdoor PM 2.5 and PM 10 Indoor MiniVols were located in the area of the house where the participant spent most of his or her time, excluding the kitchen. Care was taken not to place monitors closer than 90 cm to walls and windows, or close to plants or trees. Personal pumps with 37-mm Teflon filters (Whatman, Hillsboro, OR, USA) using a flow of 4 l/ min were used for personal samplers that were attached to the shoulder strap of a bag (where they carried the personal pump and batteries); the filter's impactor was situated near the subject's breathing zone.
Quality Control and Quality Assurance Procedures
Gravimetric analysis of Teflon filters was carried out under controlled room temperature and humidity (221C731C, 40%75% relative humidity), by the Centro Nacional de Investigacion y Capacitacion Ambiental. Before weighing the filters, a 48 h stabilization period was granted, filter weights were adjusted for the fluctuations in the microbalance (Cahn model 30), and 10% of filters were used as a blanks laboratory. Three percent of the measurements were designed to represent the blanks laboratory and these were handled in the same fashion, but were exposed to the minivolts without flow being connected. Slightly more than 3% of the samples were designed to make up the duplicates, during the same period of time and under the same conditions as the normal samples.
Gravimetric results obtained from the blank filters were used to correct for matter introduced during the handling of filters, adjusting the mass of the exposed filters by the average blank filter mass. The detection limit was established as 3 Â SD of the mass change in the blank filters, divided by the nominal volume of the corresponding exposure time (24 h). The detection limit for the indoor measurements of PM 2.5 and PM 10 ranged from 0.786 to 1.8 and from 0.9 to 1.77 mg/m 3 , respectively. PM 2.5 and PM 10 outdoor measurement limits ranged from 0.96 to 4.17 and from 1.56 to 2.8 mg/m 3 , respectively. For the personal PM 2.5 measurements, the range was from 3.12 to 5.91 mg/m 3 .
Statistical Analysis
Monitoring data were analyzed using the statistical software package Stata 8.0 (College Station, TX, USA). Spearman's correlation coefficient was used to examine the association between indoor, outdoor, and personal exposure concentrations. The comparison between personal exposure and indoor PM 2.5 was carried out using the linear regression model.
The indoor-to-outdoor (I/O) concentration ratio was calculated and its variation studied using analysis of variance. We also used generalized estimating equation models to determine predictors of I/O concentration ratio based on 31 participants (number of observation events: 531). In these models, we included significant predictor variables: carpeting (carpets in the house, 1 ¼ yes, 0 ¼ no), aerosol (use of aerosols for hair, cleaning, painting, etc., 1 ¼ yes, 0 ¼ no), boiler (situated within the house, 1 ¼ yes, 0 ¼ no), smoking (smoking within the house, 1 ¼ yes, 0 ¼ no), and windows closed all the time (1 ¼ yes, 0 ¼ no). For analytical purposes, I/O PM 2.5 ratio was transformed to a natural logarithm, as it did not have a normal distribution.
We also used generalized estimating models (xtgee) to determine predictors of personal concentration based on 29 participants (number of observation events: 342). In these models, we included the following predictor variables: animals (those who care for animals, 1 ¼ yes, 0 ¼ no), mold (presence of mold in the house, 1 ¼ yes, 0 ¼ no), cooking (the participant is present during cooking, 1 ¼ yes, 0 ¼ no), aerosol (use any kind of aerosols, 1 ¼ yes, 0 ¼ no), and PM 2.5 int (indoor PM 2.5 ). The personal PM 2.5 levels were also log-transformed to achieve normality. All models were adjusted for the following variables: area of residence, season, and the minimum temperature on the day that the sample was taken.
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Results

Study Population
A total of 38 adults, including 27 male and 11 female subjects, participated in the study. Of these participants, 12 completed three monitoring phases, 14 completed two phases, and 12 completed only one phase. Between the first and second monitoring phases, eight subjects left the study and four were newly recruited to compensate for the loss of study subjects. The number and flow of subjects during the monitoring phases is shown in Figure 1 . Based on the daily activity questionnaire, participants spent 90% of their time indoors during the study period. The mean number of hours spent indoors for the whole group was 22 h (range: 11-24). An average of 23 measurements per participant of indoor PM 2.5 was obtained (715 measurements in total) and an average of 22 measurements per participant of outdoor PM 2.5 (614 measurements in total).
Geographic and Seasonal Variability
During the study period, the daily average concentrations of PM 2.5 and PM 10 were 31 and 51 mg/m 3 indoors, and 32 and 58 mg/m 3 outdoors, respectively. Seasonal variations in PM levels were found with higher mean concentrations for outdoor, indoor, and personal PM 2.5 , during the winter. Outdoor and indoor PM 10 was also elevated during winter, which is consistent with data obtained from RAMA reporting the highest number of days with PM 10 surpassing the established air quality standards of 150 mg/m 3 (Table 1 ). On average, the southeast area had the highest levels of PM 10 and PM 2.5 (Figure 2 ), consistent with a previous report by Chow et al. (2002) .
Relationships between Indoor and Outdoor Concentrations
The concentrations of PM 2.5 and PM 10 during the study period are shown in Table 2 . On overage, the indoor and outdoor PM 2.5 concentrations were similar. However, for PM 10 , the outdoor levels were slightly higher than indoor levels. During winter, the gradient between indoor and outdoor PM 2.5 and PM 10 levels widened at the expense of higher outdoor concentrations. The correlation between indoor and outdoor PM 2.5 was r ¼ 0.56 (P ¼ 0.000) and between indoor and outdoor PM 10 0.44 (P ¼ 0.00). The correlations between indoor and outdoor PM 10 vs. PM 2.5 were 0.72 (P ¼ 0.000) and 0.69 (P ¼ 0.000), respectively.
Relationships between Personal Exposure Measurements and Indoor/Outdoor PM 2.5 concentrations Personal exposure levels were higher than indoor PM 2.5 in 60.5% of the measurements, and higher than outdoor PM 2.5 in 58.2% of measurements, with an average ratio of 1.3 (range 0.96-10.2) for personal/indoor and 1.4 (range 0.18-7.0) for personal/outdoor. The correlation between personal exposure with indoor PM 2.5 and outdoor PM 2.5 was 0.65 (P ¼ 0.001) and 0.47 (P ¼ 0.00), respectively (Figure 3) .
Characteristics of Indoor/Outdoor Concentration Ratios
The I/O PM 2.5 ratios were examined within the three study zones. These ratios were similar for the three study zones with an average of 1.2 (range 0.05-6.1).
The characteristics of the houses and habits of the participants were explored to determine the factors that might affect the I/O ratios. Of the 33 houses with simultaneous indoor and outdoor measurements, 52% (n ¼ 17) had carpeting, 18% (n ¼ 6) had a boiler within the house, 52% (n ¼ 17) reported that they used some kind of aerosol, and 42% (n ¼ 14) of the houses had at least one person who smoked. Fifty-four percent of the houses (n ¼ 18) were located on streets with almost no traffic, 25% (n ¼ 8) were on streets with medium traffic, and 21% (n ¼ 7) were on streets with heavy traffic flow.
Predictors of I/O Ratio and Personal Exposure
Results from the multivariate regression model (Table 3) suggest that the I/O ratio would increase by 20% (95% confidence interval (CI) ¼ 19-101%) with the presence of carpeting in the house, by 20% (95% CI ¼ 4-39%) with the use of some aerosol, by 27% (95% CI ¼ 3-57%) with the boiler in the house, and by 55% (95% CI ¼ 19-101%) with tobacco smoke. Finally, maintaining closed windows would increase the I/O ratio by 19% (95% CI ¼ 1-38%).
Results of the predictors of personal PM 2.5 concentration are presented in Table 4 . The results of multivariate regression analysis suggest that personal PM 2.5 concentration would increase by 12% (95% CI ¼ 1-25%) when the participant had domestic animals. In houses where mold was present, personal PM 2.5 concentration would increase by 27% (95% CI ¼ 11-48%). Being present during cooking would increase personal exposure by 27% (CI ¼ 12-43%). Finally, in houses where some kind of aerosol was used, personal PM 2.5 concentration would increase by 17% (CI ¼ 4-31%).
Discussion
Seasonal and geographical variations in the concentrations of PM 2. 5 and PM 10 were observed between different zones of the study. The highest levels were registered during winter. The US EPA's national ambient air quality standard (EPA, 1997) for 24-h PM 2.5 (65 mg/m 3 ) was exceeded 8% of the time and the Mexican norm (NOM,1993) for 24-h PM 10 (150 mg/m 3 ) was exceeded 2% of the time during the study period. Correlations between indoor and outdoor PM 2.5 measurements were found to be similar. On the other hand, correlations for outdoors PM 10 measurements were slightly higher than for indoors. Our study found a reasonable correlation (r ¼ 0.65) between personal exposure and indoor PM 2.5 concentration. This relatively high correlation could be explained by the extended permanence time of these individuals inside home (90%). Additionally, they use to keep windows closed down, which favors a low air recirculation rate. Owing to their size, PM 2.5 shows a low deposition velocity and therefore they tend to be spatial homogeneous in indoor environments; this is favored when there exist low air recirculation rates (Rojas-Bracho et al., 2000) . All these factors combine to explain a strong association among personal levels and indoor PM 2.5 concentrations. Average time spent indoors in this study is similar to B80% reported in other studies among urban populations Ott, 1990; Hosein et al., 1991; Clayton et al., 1993) . Based on these facts, outdoor sources are expected to have a minor impact on personal exposure. Indoor PM 2.5 concentrations explained 40% of the variability in personal exposure. This association differs from some studies in which outdoor levels explain most of the personal exposure variability (Janssen et al., 1998) . However, other studies have demonstrated similar results Rojas-Bracho et al., 2000; Wallace and Williams, 2005) .
Personal exposure measurements include not only those contributions from outdoor environment sources, but also those from indoor contributions, mobility patterns, and personal activities, which vary along the day and from person to person. The contribution from outdoor sources is not ignored in this study, but it is assumed to have a minor impact due to population type, homes characteristics, and individuals activities.
Personal PM 2.5 measurements were higher than indoor and outdoor mean concentrations, as observed in other studies (Rojas-Bracho et al., 2000; Gauvin et al., 2002) , and reflect the fact that participants are able to move around the house while being exposed to varying levels of indoor sources. They also reflect participant exposure to their daily activities and the addition of outdoor exposures, either at home or outside it. Both regression models were adjusted for the residential area, season, and minimum temperature the day the sample was taken. In multivariate model all the variables were simultaneously included. The model is: personal log PM 2.5 ¼ À20.66+0.11X 1 +0.24X 2 +0.24X 3 +0.15X 4 +0.02X 5 , where X 1 ¼ having animals in the house (coded 0,1), X 2 ¼ presence of mold in the house (coded 0,1), X 3 ¼ cooking or being present during cooking (coded 0,1), X 4 ¼ use of aerosols within the house (coded 0,1), and X 5 ¼ PM 2.5 interior.
Major sources of personal exposure to PM 2.5 include cooking (or present in the kitchen during cooking), being around people who smoke, and undertaking or being present during cleaning (vacuuming or dusting) as observed by others (Abt et al., 2000; Chang et al., 2003; Rojas-Bracho et al., 2004) . A global average I/O ratio of 1.2 was reported for this study; other studies have also reported higher indoor than outdoor PM 2.5 levels Olaiz Ferna´ndez, 1998; Rojas-Bracho et al., 2000) .
According to Qing Yu Meng et al (2005) , with I/O rations larger than 1, we could expect that the air exchange rate at home would be low. This is the case of the studied homes.
The characteristics of the house and the habits of the participants had important effects on the I/O PM 2.5 ratio. In various studies, the I/O ratio has been associated with variations in air exchange rates caused by air conditioning and maintaining the windows either open or closed Suh et al., 1997; Abt et al., 2000; RojasBracho et al., 2000 RojasBracho et al., , 2004 . These studies have reported that the influences of particle sources indoors are strengthened when a low level of air exchange rate exists. The air exchange rate is not measured in this study; however, the information on opening or closing the windows was recorded.
It is important to clarify that this information was recorded in this study as the regular habit of opening and closing windows at different seasons and times of the day, as stated by participants and not as a direct observation, which could be a source of uncertainty.
Having the windows shut increased the I/O ratio, directly related to low air exchange rates. It is important to point out that the population where the study was carried out did not have air conditioning, filters, or air purifiers, all of which favor a low air exchange rate. As observed in this study, carpeting and smoking present within the house have been reported as important indoor PM 2.5 sources (Abt et al., 2000; Chang et al., 2003; Wallace et al., 2003; Rojas-Bracho et al., 2004) . In addition, significant sources of personal exposure to PM 2.5 were the presence of mold in the house and cooking activities, as reported previously (Abt et al., 2000; Chang et al., 2003; Rojas-Bracho et al., 2004; Wallace et al., 2004) . The presence of mold was common in the study population (23%). As observed previously in the VESTA study (Gauvin et al., 2002) , our results also suggest that having animals in the house is a significant source of resuspended particles. The traffic variable was incorporated into the model, but it did not result significant; again the ambient sources on indoor air quality had a minor impact due to population type.
Conclusions
Various studies have measured PM 2.5 or PM 10 concentrations, utilizing fixed monitoring stations to evaluate personal exposure. This study demonstrates that indoor sources play an important role in exposure and should be considered when evaluating personal exposure to PM 2.5 , particularly in susceptible subjects spending most of their time indoors, and we agree with Koistinen et al. (2004) that the exposure assessment of PM 2.5 , based on outdoor fixed-site monitorin, overestimates exposure and does not account for the contribution of significant indoor sources.
